INTRODUCTION
Interpretation of thyroid hormone values in premature infants after the first week of life is complicated by differences in the methodologies used, the lack of consensus on the definition of ''healthy premature infants,'' increasing serum protein concentrations throughout gestation, 1,2 the maturational changes in total thyroxine (T4) and free T4 values in the last trimester of gestation, 3 and the potential effects of nonthyroidal illnesses such as the respiratory distress syndrome. 4 -9 Although sensitive immunometric thyrotropin (TSH) assays and direct equilibrium dialysis free T4 assays have become the state-of-the-art reference methods for thyroid function testing in adults, 10 -13 the lack of complete ageappropriate reference ranges for these tests in premature infants has restricted their usefulness in this population.
Direct equilibrium dialysis measurements of free T4 are often more accurate than hormone analog free T4 measurements because they are not biased by differences in total T4 concentrations or serum T4 binding. 14 -17 This is particularly important for premature infants in whom altered serum protein concentrations are common. The increased sensitivity of immunometric TSH assays allows definition of the lower limit of the normal range 12, 13 in adults and children. 18 We have previously presented reference ranges for the first week of life in healthy term 18 and premature infants. 19 Corresponding data for healthy prematures beyond the first week of life have not been reported. This is a report of a prospective study of serum free T4 and TSH concentrations after the first week of life in 120 healthy infants less that 37 weeks' gestation at birth, in whom enrollment criteria to define ''healthy except for prematurity'' were used that can easily be applied to other premature infants.
OBJECTIVES:
To establish reference ranges for the more sensitive assays of thyrotropin and the best available assays of free thyroxine in premature infants after the first week of life.
STUDY DESIGN:
Free thyroxine measurements by direct equilibrium dialysis and thyrotropin measurements by third generation immunometric assay were measured in 120 healthy premature infants 25 to 36 weeks' gestation at birth and every 3 weeks until hospital discharge. Infants were stratified by postconceptional age. Differences in free thyroxine and thyrotropin levels among groups were determined by ANOVA. Correlations between hormone measurements and gestational and postnatal ages were sought by linear regression analysis. Reference ranges were determined as arithmetic ( free thyroxine ) and geometric ( thyrotropin ) mean ± 2 SD ranges.
RESULTS:
From 120 infants, 164 samples were obtained and grouped by postconceptional age at sampling. Free thyroxine was not different among postconceptional age groups and did not correlate with gestational or postnatal age. The free thyroxine reference range based on these data was 10 to 33 pmol / l ( 0.8 to 2.6 ng / dl ) . Thyrotropin did not correlate with gestational age. There was a clinically trivial but statistically significant ( r 2 = 0.03, p < 0.05 ) correlation of thyrotropin with postnatal age. The thyrotropin reference based on these data was 0.8 to 12 mU / l.
CONCLUSIONS:
Free thyroxine was closely regulated in these premature infants and levels were similar to those in older children and adults, once the natal surge in thyrotropin has subsided. Original Article
MATERIALS AND METHODS Subjects
Appropriate for gestational age infants between 25 and 36 weeks' gestation, who were born at or transported to Loma Linda University Medical Center and were more than 7 days postnatal age, were considered for study. Entry criteria required an Apgar score of !7 by 5 minutes of life for infants >33 weeks' gestation and !6 for infants 33 weeks' gestational age; appropriate height, weight, and head circumference for gestational age at birth and normal interval growth velocity for healthy premature infants. 20, 21 Infants with a history of respiratory distress syndrome were included if they had recovered by the time of blood sampling.
Growth curves for each patient were plotted on standardized premature growth graphs 20, 21 and updated weekly by clinical nutritionists. All growth curves were evaluated by a pediatric endocrinologist and a neonatologist not involved in the study. Infants were excluded if, in the opinion of either reviewer, they failed to demonstrate a pattern of normal postnatal growth. Infants were also excluded if they had clinically significant evidence of infection, necrotizing enterocolitis, required dexamethasone for chronic lung disease, had major congenital anomalies, intraventricular hemorrhage, a positive urine or meconium drug screen, or required pressors for maintenance of normal blood pressure. Infants of mothers with endocrine disease were also excluded.
Infants were stratified by postconceptional age at time of blood sampling into four groups: 28 to 30, 31 to 33, 34 to 36, and 37 to 40 weeks. Gestational age was assigned by early obstetrical ultrasound and maternal dates whenever these data were available. Otherwise, gestational age was assessed by Ballard examination performed within 24 hours of delivery. 22 A postconceptional age in weeks (gestational age at birth+postnatal age) was then calculated for each infant at the time of blood sampling. Blood sampling was performed starting in the second and third weeks of life and then every three weeks while infants were in the newborn ICU. Infants who remained healthy were included in each postconceptional age group. Infants who developed significant systemic illnesses, such as necrotizing enterocolitis, or chronic lung disease requiring treatment with steroids, were excluded for all subsequent samples. Infants with mild infection (e.g., skin pustules) at one sampling time were included at subsequent sampling times if they were recovered by then. Only one sample from each infant (closest to the 3-week interval) was included during each postconceptional age group. Our patients were usually, but not exclusively, sampled in the early morning and all of our patients were hospitalized.
This study was approved by our Institutional Review Board. Informed consent was not obtained. At the time of this study it was the hospital's policy to collect these serial thyroid function studies. If an umbilical arterial or venous catheter was already in place, blood was withdrawn from it. Otherwise, 1-ml samples were obtained by venipuncture at the time blood for other routine laboratory work was drawn. All assays were performed at Quest Diagnostics Nichols Institute, San Juan Capistrano, CA without charge to the patient.
Assay Methods
Serum free T4 was measured by direct equilibrium dialysis 10 with an interassay coefficient of variation of 8.5% at 20 pmol/l (1.56 ng/ dl). This method uses a semipermeable dialysis membrane to separate serum proteins and protein-bound T4 from free T4 before free T4 is measured by radioimmunoassay (RIA). When free T4 concentration remains constant while total T4 concentration is reduced (because serum T4 binding is reduced), direct dialysis free T4 measurements parallel free T4 concentrations. 16 Under these circumstances, hormone analog free T4 measurements do not parallel free T4 concentrations. Instead, they are proportional to total T4 concentrations. 16, 17 Serum TSH was determined by a highly sensitive immunoradiometric assay (Nichols Institute Diagnostics) with an interassay coefficient of variation of 20% at a TSH concentration of 0.1 mU/l. 23 Sera were individually analyzed as soon as received. Some serum sample volumes were inadequate to do both tests.
Data Analysis
Statistical outliers were identified using the Grubbs' test. 24, 25 Skewness and kurtosis were determined (Systat Intelligent Software, Evanston, IL). Differences between groups were analyzed by the analysis of variance. Differences were regarded as significant when p=0.05. Relationships between variables were evaluated by linear regression analysis. Reference ranges were determined as the mean±2 SD. Logarithmic transformation of TSH data was used to obtain a Gaussian distribution. Free T4 data were Gaussian without transformation.
RESULTS

Study Group
The clinical characteristics of the study infants are summarized in Table 1 . There were 63 boys and 57 girls, a sex difference consistent with the admission demographics of neonatal intensive care unit patients in general. Because infants were studied serially if they remained healthy, a total of 164 blood samples were obtained from 120 infants. Each infant was included only once in each postconceptional age group. The clinical characteristics in the table include the data for each infant on the day the blood sample was obtained (n=164). The mean gestational age was 30±2 weeks and mean birth weight was 1600±500 g. There were significant differences between groups in the postnatal age, (and resulting weights, lengths, head circumferences, and blood pressures) at the time of blood sampling as expected by the study design (ANOVA, p<0.001). The mean age at entry into the study was 25±8 days.
There were no significant differences in TSH or free T4 concentrations due to gender or mode of delivery, as expected (data not presented). Similarly, there were no significant differences between the TSH or free T4 concentrations of infants who had received exogenous surfactant (p=0.75 for free T4 and 0.77 for TSH), required supplemental oxygen (p=0.70 for free T4 and 0.40 for TSH) or were receiving mechanical ventilation (p=0.26 for free T4 and 0.36 for TSH), compared to those who did not receive these treatments. Therefore, infants were not excluded because of a requirement for supplemental oxygen, mechanical ventilation, or previous surfactant administration.
In the 28-to 30-week postconceptional age group (n=14) there were seven infants who had been previously treated with surfactant, nine receiving supplemental oxygen, and six receiving mechanical ventilation. Two in this group were not receiving enteral feedings. In the 31-to 33-week group (n=44) there were 12 who had previously received surfactant, 20 receiving supplemental oxygen, and 7 on mechanical ventilation. Four infants in this group were not receiving enteral feedings. In the 34-to 36-week group (n=75) there were 19 infants who had been previously treated with surfactant, 14 who required supplemental oxygen at the time of the study, and none on mechanical ventilation. Three infants in this group were not receiving enteral feedings on the day of blood sampling. In the 37 to 40 weeks postconceptional age group (n=31) there were 10 infants who had received surfactant, but there were no infants in this group who were still requiring supplemental oxygen or mechanical ventilation. All infants in this group were receiving enteral feedings.
Free T4
Free T4 concentration did not correlate with either gestational age (r 2 =0.014; p=0.12) or postnatal age (r 2 =0.0002; p=0.85) beyond the first week of life. There were no significant differences in mean free T4 concentrations between adjacent groups (Figure 1 ). Three statistical outliers (one in the 31-to 33-week group and two in the 34-to 36-week group) were identified and deleted before calculating the reference range. These free T4 values were 102 pmol/ l (7.9 ng/dl) with a corresponding TSH of 10.0 mU/l; 88 pmol/l (6.8 ng/dl) with TSH of 2.1 mU/l; and 51 pmol/l (4.0 ng/dl) with TSH of 2.7 mU/l (Figure 1 ). Because differences between groups were insignificant and there was no correlation with gestational or postnatal age, a single reference range of 10 to 33 pmol/l (0.8 to 2.6 ng/dl) was determined for the entire group (as the arithmetic mean±2 SD). This range included 154/161 (95.6%) of the samples (Table 2) . It is similar to the 12-to 30-pmol/l (0.9 to 2.3 ng/dl) range previously reported 18 for term infants at 2 to 20 weeks postnatal age. Both of these ranges are also similar to the 12-to 32-pmol/l (0.9 to 2.5 ng/dl) range previously observed in healthy adults. 18 Data from 10 infants who remained healthy throughout the study period and therefore had multiple free T4 measurements are shown Figure 1 . Serum free T4 concentrations (12. 87 pmol /l = 1 ng/dl ) by postconceptional age in healthy preterm infants after the first week of life (including three statistical outliers ). Horizontal solid lines represent the arithmetic means. There were no significant differences in mean free T4 levels between any of these age groups. Dashed lines represent the single reference range for all ages (determined as the arithmetic mean± 2 SD after outlier deletion, Table 2 ). in Figure 2 . In general, the concentrations of free T4 remained remarkably constant within the study period.
Thyrotropin
The TSH data were logarithmically distributed as determined by skewness and kurtosis. There was no correlation between TSH values and gestational age of infants beyond the first week of life (r 2 =0.002; p=0.59). There was a statistically significant but clinically trivial negative correlation between TSH values and postnatal age (log TSH= À0.003 postnatal age in days+0.586; r 2 =0.034; p<0.05).
No statistical outliers in the TSH data occurred. Because the data were logarithmically distributed, the geometric means were compared between adjacent groups. The geometric mean was significantly higher in the 31-to 33-week group compared to that of the 34-to 36-week group ( Figure 3) ; there were no significant differences between other adjacent groups. A single reference range of 0.8 to 12.0 mU/l was determined for the entire group (as the geometric mean±2 SD), which included 131/135 (97.0%) of the available samples (Table 2 ). This range is wider and the mean (3.13 mU/l) is lower than the TSH data previously reported 18 for the 2-to 20-week infants born at term (range of 1.7 to 9.1; mean=3.99 mU/l; p<0.01). The range is also wider than the 0.4 to 4.2 mU/l reported for adults. 18 The highest TSH value of 19.0 mU/l (Figure 3 ) had a corresponding free T4 value of 24 pmol/l (1.9 ng/dl) whereas the three lowest values of TSH 0.5, 0.6, and 0.7 mU/l had free T4 values of 1.8, 2.5, and 0.9 ng/dl, respectively. (Table 2) . Data from a prior study 18 presented here for comparison only. Ranges were determined as the arithmetic mean ± 2 SD for free T4 and the geometric mean ± 2 SD for thyrotropin. Table 2 ).
Clark et al.
Reference Ranges for Thyroid Function Tests There were 10 infants who remained healthy throughout the study period, 8 of which had three or more measurements of TSH concentration. There was wide variability in TSH concentrations over time. There was no discernible trend in TSH concentrations over time.
DISCUSSION
For the first time this study reports a reference range for direct equilibrium dialysis free T4 measurements in healthy premature infants beyond the first week of life. Direct equilibrium dialysis often produces free T4 values that differ from nondialysis methods, especially when serum T4 binding is low. 16, 17 One objective of this study was to expand existing reference ranges for this method in healthy preterm infants. 19 There is only one previous report 26 of the use of direct equilibrium dialysis to study free T4 concentrations in similar patients. The limited results obtained in that study are in agreement with the results reported in the present study. In addition to methodologic differences in assays used, comparison of this study with previous studies of serum free T4 concentrations in premature infants is confounded by variable patient selection criteria and various lengths of follow up. Some previous studies classified infants by gestational age 8, 27, 28 while others classified infants by birth weight. 2, 26, 30, 31 Some authors defined a ''healthy'' group of premature infants 2, 8, 27, 30, 31 while others mixed sick and well infants. 26, 27, 29 In the present study there were no significant differences in serum free T4 values among any of the gestational age groups studied after the first week of postnatal life. Ten infants were studied longitudinally and free T4 measurements remained constant throughout the study period. Some previous studies demonstrated a correlation with gestational age 28, 30 while others found a correlation with GA or BW only when comparing premature infants <28 weeks' gestation ( <1000 g) to older (larger) infants. 27, 31 Discrepancies between studies are likely methodologic and related to protein interference and protein-bound T4 dependent bias in nondialysis free T4 methods. 12 -14 In this study, free T4 concentrations were stable after the first week of life and remarkably similar to adult values. This was also reported by van Wassenauer et al. 27 and Fuse et al. 31 Several previous studies of premature infants used highly sensitive immunometric assays for measurement of TSH. 2,27 -32 The ranges of TSH values reported in these studies are similar to the values in this study. Our data confirm the wide variability in TSH values compared with more mature infants and children, which was found in all the previous studies, reflecting the immaturity of the hypothalamicpituitary-thyroid negative feedback regulation at this postconceptional age. 31 We found a statistically significant but clinically trivial negative correlation of TSH concentrations with postnatal age, reflecting the relatively brief time frame studied in the overall pattern of maturation of the hypothalamic-pituitary-thyroid axis. 33 Mantagos et al. 32 demonstrated circadian rhythm in premature infants after 1 month of age. Our patients were usually, but not exclusively, sampled in the early morning. The data from this study, together with data recently published, provide normal reference ranges for premature infants at all gestational and post conceptional ages for the state-ofthe-art thyroid function tests. This study demonstrated that free T4 concentrations were remarkably stable after the first week of life, despite wide variations in TSH concentrations. This is evidence that the level of serum free T4 is already closely regulated by the hypothalamic-pituitary-thyroid axis in premature infants, despite the comparatively wide variations in serum TSH concentrations. Once the neonatal surge in TSH and free T4 is past, premature infants normally maintain free T4 concentrations within a narrow range similar to that of older infants, children and adults.
